Abstract-This article reports the main problem and the corresponding solution of the co-evaporation of Bi2Te3 and Sb2Te3 films for the fabrication of Peltier elements. This main problem consists in the control of the deposition rates of the two elements: Bi or Sb and Te, which have very different vapor pressures. The control of the deposition ratio was achieved by means of a PID controller, which permitted the fabrication of thin-film Peltier elements that produce a temperature gradient in the order of 2°C between their hot and cold junctions, when measured at free air conditions.
I. INTRODUCTION
There are many industrial processes that use thin-film technology: optical coatings of filters and lenses, microelectronics, microsensors, etc. A simple way to deposit thin films is achieved by evaporation. The material to be deposited is heated until it reaches the vapor state. The substrate (optical filter or lens, for example) is placed above the material to be deposited. The atoms of the material that constitute the thin-film will then adhere to the substrate surface. In many cases, only the thickness of the deposited thin-film is important, so the control can be done in a simple way: the electrical power of the heater must be enough to start the evaporation and it must be switched off when the desired thickness is achieved.
For the fabrication of thin-film Peltier elements, instead of single element substances, they are used compounds [1] . Unfortunately, the deposition of compound substances like Bi2Te3 and Sb2Te3 is not as simple as the elementary substances described above. This phenomenon is described along this article, in its references and in related literature.
Commercial Peltier devices are usually fabricated on a transversal (cross-plane) configuration as is shown in figure 1 . In theory, this configuration could be reduced for micro-device fabrication, but the conventional fabrication processes are not scalable to the micrometer range. Using a lateral (in-plane) configuration (figure 2), thin-film techniques can be used to scale down the thermoelectric coolers and generators to microdevice dimensions [2] . In the present work, planar thin-film technology will be used to fabricate such devices.
The Peltier element consists in pn semiconductor junctions where the n-type semiconductor is the Bi2Te3 and the ptype semiconductor is the Sb2Te3. Tellurium alloys are wellestablished low-temperature thermoelectric materials and are widely employed in conventional thermoelectric generators and coolers [3] . Different deposition techniques can be used to obtain Bi2Te3 and Sb2Te3 thin-films. Thermal co-evaporation [4] , co-sputtering [5] , electrochemical deposition [6] , metal-organic chemical vapor deposition [7] and flash evaporation [8] are some examples.
The objective of the work is to fabricate the Bi2Te3/Sb2Te3 junctions, from the Bi, Te and Sb elementary substances individually using a co-evaporation technique. In this case, both the thickness of the film and the evaporation rate of each element must be well controlled. In order to do that, we developed a control setup consisting on a digital PID The choice of the co-evaporation method is due mainly because it is inexpensive, simple and reliable, when compared to other techniques that need longer time periods to prepare the starting material or require more complicated and expensive deposition equipments.
The developed setup allowed the achievement of very promising results in the fabrication of planar thin-film Peltier elements.
II. THIN-FILM CO-EVAPORATION
Bismuth, tellurium and antimony have large differences in their vapor pressures. These differences would result in a compositional gradient along the film thickness, when Bi2Te3 and Sb2Te3 films are directly evaporated from the compounds. This composition gradient effect is also reported in literature [9] . The problem of composition gradient can be overcome, though, by the use of co-evaporation [4] , where Bi and Te are evaporated in a vacuum chamber, from two molybdenum boats, whose temperatures are independently controlled. A similar procedure was adopted for Sb2Te3 deposition from two independent Sb and Te sources. Figure 3 shows a schematic diagram of the co-evaporation system used in the fabrication of the films. It consists in a t . vacuum chamber where the pressure reaches 10-6 mbar. In its interior two evaporation boats are placed: the first one holds the Bi or the Sb samples and the second one holds the Te sample. The boats are separated by a metallic wall and are heated by means of an electric current ranging between 100 A and 200 A, which is supplied by the controller. At the top of the chamber are placed the substrate where the deposition is made and two mass sensors. The objective of the metallic wall that separates the two boats is to avoid the deposition of the material of the left boat in the right sensor and vice-versa. Table I shows the evaporation temperatures of the materials that were used in the fabrication of the Peltier elements, at the pressure of 10-6 mbar. The Two sensors were used to monitor the deposition rate of Bi/Sb and Te. Each rate was maintained at a fixed value, through independent control of the power applied to each molybdenum evaporation boat. The evaporation rate must be between 0.2 nm/s and 0.4 nm/s for good film properties.
III. CONTROL SETUP Basically, the control of the evaporation rate is made by regulating the voltage and consequently the current that is applied to the boats. In order to implement this control, it is necessary to sense the deposited material, read the output of the sensors and act in the voltage applied to the boats. In the following subsections, these items will be described with great detail.
A. Sensors
The sensor uses the resonant frequency of an exposed quartz crystal to sense the mass of deposited films attached to its surface. The presence of mass of the deposited film on the surface of the crystal decreases its resonant frequency. The relationship between the mass of the film and the frequency of the sensor crystal is given by [10] : signal generated on the oscillator, the thickness is calculated each four seconds. The evaporation rate is obtained by the change of thickness. The crystal sensors are placed in such way that they receive exactly the same quantity of material that reaches the substrate. The crystal sensors are water cooled (around 200C) to minimize the influence of temperature on oscillating frequency.
B. Readout device
The readout circuit of the sensors is shown in figure 4 . It consists basically in a series resonant crystal oscillator configuration and uses two cascaded inverters, which form an amplifier. Each inverter has a DC biasing resistor which biases R R the inverter in the active region, i. e. halfway between the logic "1" and "0" states. In this region, the inverters act as high gain inverting amplifiers, introducing a phase shift of 180°i n the signal. The output of the circuit is connected to the microcontroller, which counts the number of pulses in a fixed time interval, obtaining in this way the mass of the material deposited in the sensor.
C. Controller
The controller was implemented in a Philips Semiconductors P89C51RD2 microcontroller. Basically, it reads the output of the two sensor circuits and the phase of the power line and act in the switching angle of two triacs (one for each evaporation boat). Figure 5 shows the circuit that performs the phase detection of the power line voltage. The algorithm used in the controller is a well-known PID. Nevertheless, the control of the evaporation ratio of a material has particular characteristics: below its vacuum evaporation temperature nothing happens and above this temperature, everything happens very quickly. In order to perform a good evaporation ratio control, the temperature inside the boats must be approximately equal to the evaporation temperature of the material, and change only some tenths of degree Celsius. In order to obtain this behavior, the output of the control algorithm was offsetted, i. e., without PID actions, the output of the controller will be the one that produce approximately the evaporation temperature of the material. With the introduction of this offset, the control algorithm worked fine, allowing the fabrication of the desired films. Figure 7 shows a picture of the circuit. 
D. Actuators
The output of each circuit represented in figure 6 is connected to the primary winding of a transformer. The secondary winding of each transformer is directly connected to the respective molybdenum boat placed inside the vacuum chamber.
Two transformers of 220 V/6 V, 1.2 kVA were used, which permits a ranging of the current in the boats up to 200 A, depending on the switching angle of the triacs. 800 
IV. EXPERIMENTAL RESULTS
First of all, a test to the controller and the power electronics was performed. Figure 8 shows the waveform obtained at the evaporation boat terminals, for a switching angle of 100°. Figures 9 to 11 show the closed loop control performance of the system, for the deposition of the Bi2Te3 film. The graphs for the deposition of Sb2Te3 are similar, except that the electrical power applied to the evaporation boat containing the Sb sample is a little bit smaller than the one of Bi. Figure 9 shows the evaporation rate of Te and Bi during the film fabrication. As it is possible to see, there are small oscillations around a mean value. Figure 10 shows the film thickness deposited at each sensor as a function of time. As it can be seen (and calculated), the control response is highly linear for both materials. The Pearson product moment correlation coefficients are 0.999975 and 0,999977 respectively, i. e., very close to 1. Figure 11 shows the electrical power supplied to each evaporation boat. From figures 9 to 11 referred above, it is possible to conclude that the controller is suitable to control with precision the evaporation ratio and the thickness of a coevaporation process. leg has 2.3 ,um of thickness and the metal contacts have a thickness of 0.5 ,um. Figure 13 shows a cross-section of an homogeneous Bi2Te3 film with 700 nm of thickness, fabricated in a previous experiment. Fig. 12 . Picture of the fabricated device. Peltier elements formed by junctions of Bi2Te3 and Sb2Te3 were fabricated using a co-evaporation technique. This technique is advantageous relatively to other possible ones because it is inexpensive, simple and reliable. The main difficulty of the co-evaporation consists in the control of the deposition rates of the two materials, which must be proportional between them in order to obtain a composition with the desired properties. The control of the evaporation rate was made by using a PID controller, which revealed very efficient. As result, thinfilms of Peltier elements were obtained and it was reached the difference of temperatures between hot and cold junctions in the order of 2°C.
